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ABSTRACT 
A brief resume of roofing problen1s is presented and a definition of the failure termed 
as "wrinkle-cracking" is given. The results of a literature search and a bibliography 
are included. Observations made during field investigations are discussed as well as 
information acquired from a questionnaire returned by members of the National Roofing 
Contractors Association. Results of studying two test panels under laboratory condi-
tions are presented and discussed. From the various parts of the study conclusions 
are drawn as to the causes of wrinkle-cracking and recommendations are made for fur-
ther studies and for change& in roofing specifications that will limit the possibility of 
this type of failure. 
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I. INTRODUCTION 
The "built-up roof'' has been in use for many years. Millions of square feet of 
roof surface have been covered by laminating roofing felt and bitumen together. While 
many of these roofs have provided protection for twenty years or more, some roofs 
have failed in one to five years. Most of these failures can be attributed to mechani~ 
cal damage or to poor initial installation, either in choice of materials or workn1anshipo 
In any case the number of reported roof failures has represented only a small percen-
tage of the total number of roofs installedo 
In recent years the number of roof failures has increased steadily. Coincident-
ally, this increase in the failure rate started about the same time as the use of insula-
tion became common and as the physical size of the roof became greater. The use of 
more and thicker insulation has been bla1ned for many of these failures. The merits 
of the vapor barrier have been discussed and rediscussed many times. There is still 
much disagreen1ent on when a vapor barrier is needed or if it is needed at alL 
Recognizing these problems, the National Roofing Contractors Association made 
an agreement with the Small Homes Council-Building Research Council of the University 
of illinois for a cooperative investigation into the causes of failures of built-up roofso 
The main objective of the study was to observe and analyze the built-up roof so that a 
sound basis could be developed for the preparation of specifications that would ensure 
satisfactory performance for an acceptable period of time. 
The study of built-up roofing failures began in September of 1959. This report 
covers the work completed during the following two years . 
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II. THE PROBLEM 
During the last twenty years construction techniques and materials have under-
gone considerable change. Many new materials for roof decks have been introduced" 
Prior to World War II, many non-residential buildings used wood decks; they now are 
spanned with any number of different precast elements~ manufactured units~ or poured-
in-place concretes and insulating materials. Insulation~ almost unused a few years 
ago, is now the rule rather than the exceptionQ While materially reducing the cost of 
heating during the winter months, insulation is even more important during the summer 
-- contributing 1nuch to comfort and considerably reducing the operating cost and equip-
ment size of swnmer cooling units. 
During this same period of twenty years almost no change has occurred in the 
operation of applying built-up roofs. A good deal of mechanization has taken place~ but 
no real change in specification or application has been introduced. Flat and almost-
flat roofs that can be measured in acres are being covered in much the same way as 
they were twenty years ago. Several new roofing materials have been introduced. Some 
of these have failed miserably--others are showing some promise. All of the systems, 
whether the old standbys or the newer systems, have exhibited much the same problems. 
These have been blistering, wrinkling and cracking, flashing failures, and problems 
with gravel guards and fascias. 
At the beginning of this investigation the Advisory Committee discussed these 
various problems and decided that it would be best to concentrate the efforts of the 
study on one particular type of failure. 
Wrinkling was chosen as the type of failure which at present was giving the most 
problems to the roofing contractor. Wrinkling or "wrinkle-cracking" can be described 
as the formation of a ridge in the roofing felts. The formation of the ridge itself pre-
sents no hazard to the watertightness of the roofing men1brane, but subsequent erosion 
and mechanical damage results in numerous leaks and eventual deterioration of the 
entire roof membrane. (See Figure 1.) 
The wrinkles may form in any pattern, but are most prevalent along insulation 
joints when the insulation is applied above the structural deck. They may be in either 
direction, but are more likely to follow the unstaggered long joints of the insulation 
boards. In roofs using precast deck elements .. without additional insulation, the 
wrinkles will usually follow the joints between elements or along the supporting beams. 
When these ridges are cut open, they usually have some ice or water (depending 
on temperature) in them, and the insulation boards below the ridge are often separated 
by 1/8 inch to 1/4 inch. Often, the bottom roofing felt is found not bonded to the insu-
lation for a distance varying from one to several inches back from the insulation joint. 
In some cases the "open joint" has been found to be full of frost. In some cases de-
lamination of the roofing has occurred and one or two felts may still appear to be bonded 
to the deck. (See Figure 2.) 
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Fig. 1. Wrinkle-cracking failure 
Fig. 3. Wrinkles over water cut-offs 
Fig. 5. Wrinkle over construction 
joint 
Fig. 2. 
Fig. 4. 
Fig. 6. 
Wrinkle cut open for inspec-
tion 
Reservoir roof 
Strip mopping of Test Panel 
No. 2 
Wrinkling seems to be mo~e of a problem on flat or nearly-flat roofs, although 
there have been some cases of wrinkling on roofs with greater slopes. The probability 
of wrinkling seems to increase when thicker insulation is used - i. e. , a two-inch-thick, 
single-application, above-deck insulation would tend to wrinkle more than a one-inch-
thick application or two layers of one-inch-thick insulation applied with joints staggered. 
Complaints of leakage are usually made during the winter, or more specifically after 
a thaw, particularly in February or March. There is some disagreement as to whether 
the wrinkles are larger or smaller at any particular time of the year, although some 
observers have reported that the ridges or wrinkles tend to flatten out during the sum-
mer months. There are no verified reports as to when the wrinkle is initially formed. 
There is some opinion that they begin to form immediately after the roofing is applied, 
but no complaints are received until the wrinkles are enlarged or leakage begins. This 
time lapse may be from two to five years, with some reports as little as six months to 
a year after application. 
There is some correlation between high-humidity occupancy and wrinkling. 
Correlation with vapor barrier usage is uncertain. Wrinkling has taken place on one 
half of a roof and not on the other half of the same building. 
The problem can be summarized as follows : Wrinkling or wrinkle-cracking is 
a roofing failure in the form of a ridge usually located directly over or in close prox-
imity to the long, unstaggered joints of insulation boards or precast elements; it is 
mostly associated with flat or very low slope roofs ; and, in general, the buildings on 
which they occur have high-humidity occupancy. 
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III. LITERATURE SURVEY 
In order to avoid unnecessary repetition in later laboratory studies, a search 
of available literature on the subject of roofing and related fields was made. 
In general, no great amount of written material is available. The most signifi-
cant studies on the subject of roofing materials and roof insulation were done at the 
University of Minnesota (7)*. These studies concluded that roof failures were caused 
by air and 1noisture trapped between the roofing plies. Vapor seals were recommended 
in all areas with cold climates and in areas with temperate climates where high inside 
humidities were known to exist. No changes to specifications were made, but emphasis 
on good workmanship and field control was stressed. 
Other references published subsequent to the Minnesota study usually refer to 
that study. Typical of these is one published in 1956 by the Washington State Institute 
of Technology (4). This publication attributes most roofing failures to the following 
causes : 
1. Too thin a roofing membrane 
2. Insufficient and/or improper specifications 
3. Poor materials 
4. Poor supervision 
5. Poor inspection and maintenance 
As in the Minnesota study, there are no recommendations for changes to specifications, 
but again strong emphasis is placed on good workmanship and field control. 
Later publications introduced the use of "edge venting" as a method drying out 
initially wet or damp insulation sandwiched between the vapor barrier and the roofing 
membrane (9, 12). This method could also be used to vent moisture that did pass 
through the vapor barrier. Another method recommended was the installation of small 
sheet-metal ventilators through the roof membrane and into the insulation. (This 
method has been used by some roofing contractors as a corrective measure for insu-
lated roofs that have become water soaked. It has had some measure of success.) 
At the International Building Congress (CIB) in Rotterdam in 1959, reports were 
given on the work being done in Sweden, Norway, and England. The reports covered 
studies conducted since 1950 (5, 6). The roofing problems confronting the European in-
vestigators were essentially the same as those in the United States--failures related in 
some way to moisture, including the problems of preventing the entry of moisture into 
the roofing system and the elilnination of moisture that does penetrate the roof system. 
The report of the Norwegian Building Research Institute concludes that the ventilated 
roof (ventilation above the structural deck) had less chance of failure than the unventi-
lated one. They recognize, however, that some ventilated roofs may still fail while 
some unventilated roofs will give as good if not better service than ventilated roofs. 
*Numbers refer to entries in the bibliography. 
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The methods proposed for achieving the ventilation were for the most part complex and 
not typical of construction used in this country. The simplest system suggested was 
the use of a gravel-surfaced sheet laid with the gravel surface to the structural deck 
which would then provide a means for moisture vapor to move freely to roof edge vents 
or other vents. The Norwegian report drew the following conclusions in regard to 
roofing: 
1. Ventilation will entirely dry out high-moisture-content insulation; 
2. Lightweight concrete slabs are too often used over hot, damp rooms; 
3. A great number of failures are often due to poor workn1anship; 
4. Most roofs will probably serve well without damage when the thermal insu-
lation and roofing are put on dry. 
A recent publication by the Building Research Institute proposed a different 
theory on the mechanism of failures in roof membranes (13). In previous discussions 
on this subject, the general feeling has been that blistering was caused by the expan-
sion of water vapor trapped in the roofing "sandwich", the water vapor having gained 
entry through an inadequate or incomplete vapor barrier or having been initially trapped 
in the insulation or between the roofing plies. Upon being heated by the sun, pressure 
is developed and, when the pressure exceeds the bond strength between the plies of the 
roofing felts, expansion will take place and blistering will result. In the theory ad-
vanced in the BRI publication, the authors feel that there is already sufficient mois-
ture present in the insulation at the time the roofing is applied to saturate the air 
trapped in the sandwich. What is actually needed is more air. The additional air is 
acquired during the periods when the temperature of the entrapped air is below the 
temperature of air in the roofing sandwich at the time the roofing was applied. This 
temperature is reported to be between soo and 100° F. The air is able to pass through 
the membrane since, as the author states, bituminous membranes are semipermeable 
with respect to air. As shown in the report, the period of this negative pressure is 
greater than the period of positive pressure so that more air is sucked into the "sand-
wich" than is breathed out. The resulting increase in the mass of the air (which be-
comes saturated due to the water already present) then increases the internal pressure 
until a weak section gives way and a blister develops, relieving the pressure. If the 
roof remains intact, the report continues, the intake and outgo of air will eventually 
balance. When a blister does develop, there is no positive pressure during the warm 
period, since the pressure has been relieved, and, in those cases where complete 
collapse of the blister does not occur, more and more air is sucked in during the cool 
period until the blister growth is great enough to rupture the roofing membrane. 
This theory is somewhat different than those presented previously where 
failures are attributed to the presence of moisture and corrective methods have been 
to rid the roofing system of this moisture. Assuming either theory to be correct, 
positive edge-venting seems to have merit either as a method of drying out insulation 
or as a method of relieving internal pressures, since edge-venting does not result in 
a sealed sandwich. 
The foregoing summarizes the literature currently available on the subject of 
roofing failures. There is some indication that other studies have been made, but the 
results have not been published and are not generally available to the public. A se-
lected bibliography following this report lists those publications available. 
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IV. FIELD OBSERVATIONS 
The type of failure that was of primary interest to this investigation has been 
fully described in Section II of this report. The description, as stated ~ is based on re-
ports of failures made by the members of the Advisory Committee and as a result of 
direct field observations made by the Chief Investigator of the project. 
At the beginning of the investigation the Chief Investigator ? with the cooperation 
of the members of the Advisory Committee 9 made a number of field observations of 
existing roofs that had experienced failures of some degree. The purpose of the field 
observations was to enable the Chief Investigator to add additional information and data 
to the material already presented by the Advisory Committee, and to attempt to record 
as accurately as possible the conditions existing at the tin1e the failure was reported. 
One of the first roofs inspected exhibited some excellent exan1ples of the wrink-
ling failure. At the time of inspection, about half the roofing had been removed for 
replacement. The roofing system used was four-ply tarred felt mopped to two inches 
of cork insulation over a concrete deck. No vapor barrier was used below the cork. 
Occupancy of the building was mainly offices with some areas devoted to cafeteria and 
other service functions. Failures in the form of blistering and ridging were evident over 
the entire roof. The ridging failure was most prevalent over sections where water cut-
offs had been installed. (See Figure 3.) When the ridges were cut open, considerable 
amounts of moisture were evident and the cork insulation was generally very damp. 
While it appeared that the ridges inspected were not damaged mechanically, it is quite 
possible that som.e of the moisture in the roofing and insulation could have been the re-
sult of leakage through the roof membrane. It is not probably that this could be the 
case over the entire roof area. 
A five-ply roof over a large water reservoir was inspected when failures were 
reported after two years of service. At the time of inspection, the roof was in such 
poor condition that it was not possible to determine the progress of the failure. (See 
Figure 4. ) However, the roof on a similar structure located adjacent to the reservoir 
was more revealing. The roof on the second reservoir had been applied one year later. 
The only indications of failure were two long wrinkles or ridges directly over the roof 
slab construction joints. (See Figure 5.) Inspection of the older roof also showed these 
ridges over the construction joints and what appeared to be progressive failure from 
these lines. 
In a similar installation, a four-ply roof was applied over an insulated concrete 
tank. The tank is part of a sewage treatment plant. The interior of the tank is kept at 
90 - 95°F. Blisters and wrinkling developed soon after cracks were detected in the 
concrete deck. In addition to the warm, moist atmosphere in the tank, the tank was 
kept at about 8 to 10 pounds pressure, which also contributed to the growth and size of 
the blisters. 
On a later field trip, a roof applied over a precast lightweight-concrete deck was 
inspected. The exterior surface of the roof was clearly patterned in an outline that 
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indicated each joint between the two foot by six foot concrete panels. The existence of 
previous condensation was indicated on the underside of the roof deck by white staining 
of the panels in the areas around joints and the supporting purlins. From discussions 
with the operating personnel of the building, it was determined that all inlet air ventila-
tors were closed during normal winter operation and that steam jets were used to main-
tain relative humidities as high as 50 per cent. Sling psychrometer readings taken at 
the time of inspection showed relative humidities at the floor level of about 40 per cent 
with air temperatures of about 7 0° F. No vapor barrier had been provided below the 
insulating-concrete deck panels. 
An interesting observation was made on a field investigation during the last 
months of the study. The roof inspected was a five-ply, double-poured roof applied 
over a sandwich-panel deck composed of asbestos-cement facer with an insulating-
board core. During previous winters, leaks in the roof had been reported although no 
leaks were ever reported during the summer, when the roof was kept flooded with four 
to six inches of water. The reported leaks never occurred twice in the same place. In 
spection of the inside space revealed that steam-jet equipment was used during the win-
ter months to maintain fairly high relative humidities necessary to the process being 
carried on in the space. No vapor barrier had been installed below the deck material. 
The inspection was made in early summer. At 9 :00 a.m. the roof appeared 
perfectly sound except for a few sn1all blisters. When the gravel was removed from 
some areas of the roof, many small ridges were evident in the upper roofing ply. 
These were then cut open and showed wrinkling in the upper three mopped plies and in 
the bottom two dry plies. No delamination was observed and apparently bitumen had 
flowed into the "wrinkle" to fill the void created by the ridge. 
By noon on the same day the roof showed blisters in almost every area. Some of 
these were cut open and the usual water was found. Because of the humidity levels main-
tained in the space below the roof and the fact that leaks were never reported when the 
roof was flooded, the water in the blisters could only be the result of moisture vapor 
condensation on the underside of the roofing felts. 
From the variety of roofs inspected, it can be seen that wrinkling is not limited 
to any one particular roofing system, type of insulation, or deck construction. The 
observations do show some indication of a relation between the failures and a high hu-
midity occupancy. 
Only a limited number of roofs were inspected. This was not due to the lack of 
failures, but apparently due to a reluctance on the part of most roofing contractors to 
disclose that they, too, had some difficulties. To supplement the data gathered in the 
field investigations, a questionnaire was sent out to all members of the National Roofing 
Contractors Association. The results of the questionnaire are discussed in the next 
section of this report. 
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V. QUESTIONNAIRE 
As mentioned in the discussion of field observations~ there seemed to be a re-
luctance on the part of many roofers to come fo rward and make known their difficulties. 
A brief questionnaire was sent out with the hope that the opportunity to send in an anon-
ymous report would be more attractive. The questionnaire was very simple and asked 
for the roofers' experience with wrinkle-cracking, what type of roofing was used, type 
of insulation and supporting deck, age of roof when failure was first reported, time of 
year that the roof was applied, and the occupancy of the building. Comments on pro-
blems other than wrinkle-cracking were also invited. 
Seventy-six roofers returned the questionnaire. Of these, fourteen reported no 
experience or problems with wrinkle-cracking. The ren1aining sixty-two reports indi-
cated problems of varying degree with all types of roofing materials (coal-tar pitch, 
asphalt, smooth-surface asbestos, etc.); all types of insulation including insulating 
decks; and all types of decks including wood, concrete (precast and cast-in- place) , 
steel, and gypsum. 
While problems were reported with roofs applied during all seasons of the year, 
a majority of the failures occurred in roofs applied during the fall and winter months. 
Failures were reported in as short a time as two months or as long as ten to fifteen 
years after application. Many of the failures were reported after two to five years. 
Building occupancy did not seem to be restricted to any one type. Failures were 
reported over high-humidity areas such as weave rooms and processing plants, and 
were also reported over low-humidity occupancies such as warehouses, factories, and 
school buildings. 
Reports were received from most areas of the country with a majority of failures 
reported in the northern climates. Several failures were also reported in North and 
South Carolina. These were mostly associated with buildings of high-humidity occupancy. 
Some of the roofing contractors reported finding frost or water in the ridges 
when they were cut open, although no mechanical damage had yet occurred to the roof 
membrane itself. This was especially evident over poured decks of gypsum or light-
weight fills. 
Another comment submitted was that the building had been roofed and closed in 
and then the interior plastering and concrete work was completed. 
While the percentage of the number of responses to the total number of question-
naires sent out was small (about 15%), the results do give an indication of a pattern to 
the wrinkling failure. Buildings roofed in the fall and winter are, for the most part, 
closed in as quickly as possible and then interior work is completed, releasing great 
quantities of moisture. This could explain those failures over low-humidity occupan-
cies. Poured decks and decks covered with lightweight fills contain great quantities of 
water. Unless allowed to dry to the spaces below, this moisture will remain in the 
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TABLE I 
Tabulation of Results of Questionnaire 
Type of Roof 
Asphalt 
Coal Tar Pitch 
Asbestos 
Type of Insulation 
Glass Fiber 
Vegetable Fiber 
Cork 
Age of Roof 
0-1 Years 
2-5 
5-10 
10 or more 
Type of Deck 
Concrete 
Steel 
Pre-Cast Concrete 
Gyps tun 
Wood 
Cement Coated Fiber 
Roofing Applied in: 
Spring 
Summer 
Fall 
Winter 
Occupancy 
Low Humidity 
High Humidity 
No. Reporting* 
Failures 
18 
36 
3 
6 
34 
6 
17 
21 
13 
6 
15 
20 
3 
11 
12 
3 
6 
17 
24 
11 
39 
14 
*A total of 76 questionnaires were returned. Of these 14 reported no problems. A 
"failure" was counted when the answer was specific and not "all types", "all seasons", 
"various", etc. 
deck and will migrate toward the cold roof surface during the winter months. It would 
seem from the questionnaire that moisture is definitely a contributing factor to pre-
mature roofing failure and that the eventual occupancy of the building may not be the 
most influential factor. 
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VI. LABORATORYSTUDffiS 
After studying the results of the literature survey and questionnaire and after 
a careful analysis of the problem it can be safely assumed that moisture, either in a 
gaseous (vapor) form or in a liquid or possibly a solid (ice) state~ is responsible for 
or at least a major contributing factor to the roofing failure defined as wrinkle-crack-
ing. The literature survey and questionnaire pointed out the pattern of the failure but 
did not adequately describe the action within the roofing system that encouraged or 
caused the failure , 
A laboratory progran1 was planned so that a sample roof panel could be ob-
served under controlled conditions. It was assumed that moisture was the chief cause 
of the wrjnkle-cracking failure , It was not known exactly how the moisture affected 
the roof membrane . The conditions of exterior and interior temperatures and humid-
ities needed to reproduce the failure were also unknow11o 
In planning the first test panel, the following failure action was assumed; 
Moisture vapor penetrating an inadequate or inco1nplete vapor barrier condenses on 
the underside of the cold roof 1nembrane. The condensate then collects in the cracks 
between the insulation boards . With a decrease in outside teinperature, the condensate 
freezes and expands, pushing up from the crack between the boards and exerting an 
upward force against the roof n1ernbrane, causlng a small ridge to form. This action 
continues until the ridge grows to such proportion that rupture occurs. Or, once the 
ridge forn1s, exposure to solar heat causes the bitumen to rtm off the ridge, leaving 
the felts uncoated and subject to deterioration , 
Test Panel No . 1 
At the tin1e of planning the first panel, this seemed to be a valid assumption 
and the program was planned to simulate the conditions required to produce the conden-
sing, freezing, and thawing cycles in the assumed failure action. A roof panel mea-
suring eight feet by eight feet was applied over a small frame structure that was con-
structed inside of a large cold-roon1. (A description of the frame structure is included 
in Appendix I to this reporL ) The roof membrane was built up of plies of tarred felts 
and mappings of coal-tar pitch. Half of the roof surface was given a pour coat and 
graveled and the other half was left smooth to facilitate observations during the test. 
The roofing was applied over an insulation board (expanded perlite) on perforated metal 
decking. No vapor barrier was installed below the insulation board. The perforated 
deck and the absence of the vapor barrier was selected to allow the maxi~num amount 
of moisture to condense on the underside of the roofing in as short time as possible, 
thus accelerating the process. 
Upon completion of the panel, the cold room temperature was brought down to 
between 9 and 10° F. Conditions below the roof in the test structure were maintained 
at 7 0° F. and 40 to 42 per cent relative humidity, These conditions were maintained 
for a period of twenty days. At the end of the period no failure was evident and a small 
section of roof was removed for inspection purposes. An accumulation of frost approx-
imately one-fourth-inch deep was fotu1d in the crack between the insulation boards. No 
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ice was found, indicating that the moisture vapor had sublimated from the gase?us 
state to frost rather than condensing and freezing into ice. 
The conditions in the cold room were then modified to include a daily period 
of h:eating the roof surface, simulating the effect of winter solar heat. Heat was sup-
plied from a battery of infra-red bulbs suspended above the test structure. 
After twenty-one days exposure at these conditions, a sample was again re-
moved for inspection. Slight traces of ice were found in the crack between insulation 
boards but not enough to indicate development of enough ice to cause an upward force 
against the roofing . The frost accumulation had increased considerably and had ap-
parently caused the roofing felts to delaminate from the insulation boards. It was not 
determined conclusively whether the felts had delaminated from the insulation or 
whether the surface of the board had separated from the rest of the board. 
At this point in the study it became evident that the assumption of the formation 
of ridges by the expansion that takes place during the freezing of water was not valid. 
To further substantiate this, a crack between two insulation boards was filled with 
water and the roofing was replaced. After one week no sign of ridging was evident and 
the patch was removed. The water in the crack had frozen but the forces of expansion 
had been absorbed sideways by compressing the insulation board or downward into the 
depth of the crack. At this point the studies on Test Panel No. 1 were concluded. 
The selection of the perlite board used for Test Panel No. 1 was based in part 
on the assumption that this type of insulation was non-hygroscopic and would therefore 
not absorb any moisture, thus forcing most of the moisture to the roofing under the 
joints between the boards . During the running of the test, a considerable amount of 
moisture vapor was released inside the test structure, but condensed vapor never 
dripped back. When the panel was removed from the test structure, the insulation was 
inspected and a considerable amount of water had been retained in the board. While 
the material was non-hygroscopic, it was fairly permeable to moisture vapor and, 
since at times the dew- point was within the insulation, condensation had occurred. The 
condensed vapor was then trapped in the insulation and could only be released by re-
vaporization . 
Test Panel No. 2 
At the conclusion of the work on Test Panel No. 1, a re-evaluation of the 
causes of wrinkle-cracking was necessary. The basic assumption that moisture was 
the chief contributing factor was still considered valid. From additional field obser-
vations and discussions with various roofing contractors, further knowledge was 
gained relative to the time of formation of the wrinkles or ridges. From this data it 
was theorized that subfreezing temperatures were not necessary and, in fact, would 
inhibit the formation of ridges since at these temperatures the roof membrane was 
quite stiff and would have a fairly high resistance to any force acting on it. What was 
needed were temperatures where the roof membrane was pliable. This would, in part, 
explain the reason why failures could not be reproduced in Test Panel No. 1. It was 
further theorized that the ridge or wrinkle was formed by the expansion of the roofing 
felts due to the absorption of moisture. 
- 12-
To further study this theory before starting on Test Panel No. 2, tests were 
run on a series of two foot by three foot samples. A description of the equipment used 
for these tests are included in Appendix II to this report. The Small-sample Tester 
allowed small panels to be exposed to a warm, humid atmosphere below the sample and 
to room-air conditions above the sample. This permitted observations to be made on 
the effect of moisture alone on roofing felts or built-up sections of felt and bitumen. 
Samples were supported by or laminated to two sheets of rigid insulation board ass em-
bled with a one-eighth-inch crack between sheets. 
A No. 15 tarred, saturated felt (minin1um weight 13! pounds per hundred square 
feet) was placed dry over the tester for the first test. Within 24 hours~ a bulging in 
the felt over the crack in the insulation board was evident. Two days later, other 
wrinkles were evident over the surface of the felt and the felt was removed. The bot-
tom side of the felt was quite wet. The tests were continued using other weight felts 
and laminations of felts and bitumen. The results of these tests are shown in Table II. 
TABLE II 
Sample 
1. No. 15 tarred felt, dry 
2. No. 30 asphalt felt, dry 
3. No. 43 coated base sheet, dry 
4. No. 15 asphalt felt, cemented to support-
ing boards with lap cement; 2 inch dry 
area left on either side of crack 
5. No. 30 asphalt felt 
Same conditions as sample 4 
6. Three plies No.15 asphalt felt 
laminated with lap cement and ce-
mented to supporting boards as in 
sa1nples 4 and 5 
Time when first blister or wrinkle 
was observed 
1 day 
1 day 
no change noted after 14 days 
1 day 
2 days 
5 days (slight indications) 
12 days (ridge developed) 
Test Panel No. 2 was then planned to try the moisture absorption theory on a 
larger sample. Two-inch-thick asphalt-impregnated fiberboard roofing insulation was 
used over the perforated metal deck. One-eighth-inch spacers were used between in-
sulation boards to form an opening or crack between the boards. Under the first layer 
of felt, the mopping adjacent to the crack between insulation boards was held back two 
inches on either side of the crack over half the roof area. Over the remaining half 
the mopping was brought to the edge of the boards. (See Figure 6.) Again, only half 
the roof was graveled in to facilitate observation of the roof. At the same time that 
the roofing on the large test panel was applied, a two foot by three foot sample of the 
sam.e specifications was made to be put on the Small-sample Tester. 
After two weeks exposure, the panel on the Small-sample Tester showed signs 
of a ridge formation over the crack between the insulation boards. After five weeks 
exposure the sample showed a definite ridge over the center crack and blisters of 
various sizes had formed over the panel. (See Figure ·7. ) 
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Temperatures in the cold room were established between 40 and 50°F and 
conditions below the roof were established at 85°F, 62% relative humidity. As was 
expected Test Panel No. 2 did not respond as rapidly as the Small-sample, since con-
ditions were not as severe. After twenty-six days exposure , 11 soft spots" became 
evident in the area that was neither graveled nor mopped solid. The same conditions 
were maintained for fourteen more days. At the end of this period the soft spots had 
grown slightly but gave no indication of ridging or blistering. It was determined then 
that even at 40 - 50° F the roof membrane was still too stiff to wrinkle. A daily period 
of heating by the battery of heat lamps was introduced to provide some time when the 
roof was flexible. This period was initially set at three hours daily and gradually in-
creased to ten hours daily . Roof surface temperatures reached a maximum of 92° F. 
These conditions were n1aintained for twenty-five days. At the end of this period 
definite ridges and blisters had formed on the entire ungraveled half of the roof 
surface. (See Figure 8.) 
To further investigate the effect of excessive moisture of the roof membrane, 
the conditions below the roof were changed to 90°F and 95% relative humidity. This 
simulates, in an aggravated sense, the conditions thaf exist when a building is closed 
in during cold weather and then has the concrete and plaster work completed, releas-
ing many gallons of moisture within the building. 
With these conditions, condensation on the underside of the deck occurred quite 
readily and in a few days pools of water were collecting on the floor of the test struc-
ture. After fourteen days the ridges and blisters had increased in size and new 
blisters had begun to show. The daily cycle of heating the roof surface was maintained 
during this period. 
The humidfying equipment was then disconnected and the test structure was 
ventilated to remove the accumulation of water and moisture. The object here was to 
observe the effect that "drying-out" the structure would have on the roofing material. 
After seven days, the relative humidity inside the test structure had lowered to 25%. 
The lowering of the humidity in the test structure did not seem to have any effect on 
the size or nun1ber of ridges and blisters in the roof surface. After seven more days 
of ventilating the ridges and blisters were still evident. (See Figure 9. ) 
At the termination of the testing period, a number of blisters and ridges were 
cut open for inspection purposes. 
A blister located in the area when the first ply had been mopped solid to the 
insulation board but not graveled-in had delaminated between the bottom and second 
plies of felt. There was no bitumen between the delaminated plies? but the bottom ply 
was still bonded to the insulation board. This blister was not directly over a crack 
between insulation boards. Water was found between the insulation board and the first 
ply when the felt was separated from the insulation board. (See Figure 10.) 
A ridge cut open in the area where the first ply had been strip-mopped showed 
no delamination but a good deal of water was found in the space left by the strip-
mopping. This particular ridge was one that showed early in the testing period. (See 
Figure 11.) 
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Fig. 7. Blisters on Small Sample 
Tester 
Fig. 9. Test Panel No. 2 at end of 
test 
Fig. 11. Failure in strip-mopped 
area 
Fig. 8. Blisters on Test Panel No. 2 
Fig. 10. Failure in solid-mopped 
area 
Fig. 12. Failure in strip-mopped 
gravelled area 
During the testing period, no sign of failure had been evident in the gf'aveled 
area. When the gravel was removed in the area that had been strip-mopped, a small 
ridge was noted directly over the crack between insulation boards. This ridge was 
opened and showed the beginnings of failure. (See Figures 12 and 13.) Another ridge 
opened in the area that had been solid mopped and graveled showed slight signs of de-
lamination between the first and second plies and, as was the case of the first blister 
opened, there was an absence of bitumen in the area of delamination . 
When the roof was applied to Test Panel No. 2, careful attention was given to 
the materials used to insure that they were kept dry. Since the material was applied 
indoors, there was no chance that any moisture could have been sealed in during appli-
cation. Any moisture accumulation in the roofing felts or insulation must have been 
the result of condensation of moisture vapor from below the roof. Although the roof-
ing felts are somewhat permeable to moisture vapor, they are fairly waterproof and 
the condensed vapor will be trapped in the felts unless it can be revaporized and 
driven back into the space below the roof. 
Fron1 these observations it can be concluded that when the felts became 
saturated they will tend to expand, and, if the temperature is such that the roof sur-
face is flexible , wrinkling will occur. As the wrinkle grows, the bitumen between 
the plies of felt will tend to flow during the warm part of the day and cause a void be-
tween the plies. As the roof cools during the night, the wrinkle will tend to flatten. 
Flattening will continue until the roofing material reaches a temperature where it 
becomes stiff and further movement is resisted. Since the outermost plies will cool 
more quickly than the plies closest to the insulation, delamination will probably occur 
where the bitumen has run out between the roofing plies. 
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Fig. 13. Failure in strip-mopped 
gravelled area 
Fig. 14. Test structure in Cold Room 
Fig. 16. Thermocouple installation 
on Test Panel No. l 
Fig. 15. Interior of test structure 
Fig. 17. Console for reading thermo-
couples 
VII. CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
1. From the findings of this study and of other researchers, there is no 
doubt that moisture and moisture vapor beneath the roof membrane play 
an important role in causing failures in roofing systems. 
2. The "wrinkle-cracking" failure is most probably caused by the adsorption 
of moisture and moisture vapor into the saturated felts used in the lami-
nation of built-up roofs. 
3. The moisture may enter the system from breaks in the surface of the 
membrane, due to mechanical damage, but is more likely to enter from 
below because of excessive humidities, either from the ultimate occu-
pancy of the building or possibly from excessive moisture conditions 
during the construction of the building. 
Recommendations 
4. Because of the wide variety of roofing materials and decks available, 
additional test panels should be studied either under laboratory condi-
tions or in the field over a two or three year test period. 
5. More study is needed in the area of venting and drying out of roofing 
systems. These should be patterned after the studies being conducted 
in Norway and Sweden, but using materials and roofing systems more 
adaptable to American methods of application. 
6. Additional study is needed on the physical characteristics of roof systems, 
such as : coefficients of thermal expansion and contraction of various 
roofing systems; strength of roofing at various temperature levels; creep 
and slippage of roofing systems under long term loading conditions ; 
measurements of expansion and contraction of roofing felts due to mois-
ture adsorption and subsequent drying ; the effect of varying weights of 
mop and pour coats of bitumen; and the use of different weights of top 
surfacing materials. 
7. More study is also needed on the characteristics of various deck materials 
and their effect on roofing due to movement, expansion, and contraction. 
8. Until further investigations can be performed, it is recommended that 
roofing specifications be amended to require a No. 43 coated base sheet 
to be used for the first ply of the lamination. Where the sheet cannot be 
mopped solid to the underlying material but must be nailed or spot mopped, 
a minimum four-inch side lap and six-inch head lap should be used and 
these should be sealed with hot bitumen. On those cases where it is evident 
that the roof will be subject to excessive moisture during the construction 
period, some consideration should be given to venting of the roof system. 
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Appendix L DESCRIPTION OF TEST STRUCTURE 
As shown in Figures 14 and 15 ~ the structure consis ed of a small frame 
building measuring eight feet on each side and having a clear inside height of approx-
imately four feet. A parapet 12 inches high was provided to allow for varying thick-
nesses of deck and/ or insulation and to provide a surface for flashing to prevent mois-
ture leakage at the edges of the r oof membrane. Full- thick foil - faced insulation was 
installed in the walls, including the parapet, to limit heat losses from the structure 
and to limit edge losses from the roof deck. The exterior surfaces of the walls were 
covered with insulating sheathing. A casement window with insulating glass was pro-
vided in the west wall to allow access into the s ructureo Perforated steel decking 
was used to provide a permeable base to support the roof test panels. Four- mil poly-
ethylene film was used on the floor o limit the movement of moisture downward from 
the structure. 
For Test Panel No. 2, polyethylene film was also applied over the inside of 
the side walls Inspection during the running of Test Panel No. 1 indicated that the 
foil-faced insulation, even though the flanges of the bat s were overlapped and stapled, 
allowed enough moisture to leak into the sidewalls to accumulate a considerable 
amount of frost. 
Heat was provided in the test structure by two banks of incandescent light bulbs 
controlled by a line thermostat. lVIoisture was added to the space by an atomizing 
humidifier controlled by an electronic humidistat. A small fan was installed near the 
window to provide air movement within the structure and to keep the glass free of 
condensation. 
Instrumentation 
Thermocouples were installed inside the test structure and in the cold room to 
measure air temperatures. In addition~ thermocouples in groups of six were provided 
to read temperatures at various levels through the roof system. These points were: 
1. Three inches above the roof surface : 2. At the roof surface ; 3. Beneath roofing; 
4. Halfway through insulation; 5. Between the insulation and the steel deck; and 6. 
Three inches below the steel deck. For Test Panel No. 1 ~ ten groups of thermocou-
ples were used. For Test Panel No. 2, only six groups were needed. All thermo-
couples were terminated at a console located below the cold room where they could be 
read on a combination potentiometer- galvanometer or recorded continously on a 
sixteen-point recorder. (See Figures 16, 17 ~ 18 , and 19). 
On Test Panel No. 1 a series of copper pins were installed in the deck insula-
tion as moisture probes. These did not prove successful and were not used for Test 
Panel No. 2. 
Typical temperature gradients through Test Panel No. 1 and No. 2 are shown 
in Figure 20. 
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Appendix II: DESCRIPTION OF SMALL-SAMPLE TESTER 
As shown in Figures 7 and 21 ~ the Small-sample Tester consisted of a two-
foot by three-foot plywood box fitted with a sheet-metal liner and insulated with one 
inch of rigid insulation board. Heating of the water in the liner was accomplished by 
an electric immersion heater controlled by a thermostat mounted on the side of the 
sheet-metal liner. 
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SELECTED BIBLIOGRAPHY 
1. Anderson, A. P . and Wright) K. A. 
1 
'Permeability and Adsorption Properties of Bituminous Coatings, 11 
Industrial and Engineering Chen1istry, Vol. 33, 1941 . 
2. Ballantyne, E. R. and Martin , K. G. 
Pliability Testing of Bituminous Coated Roofing Felts, Common-
wealth of Australia , C. S. I. R. 0 . , Division of Building Research, 
Melbourne, Australia , Report No. 02. 5-6. 1958. 
3. Carroll, J. Raymond 
"Vapor Barriers and Built-up Roofs", Address given at the 74th 
Annual Convention of the National Roofing Contractors Association, 
New Orleans , January, 1961. Reprints available from NRCA. 
4. Haaland, T. M. and Darlington, R. P. 
5. Hanson, R . 
Built-up Roofs in the State of Washington, Washington State Institute 
of Technology, Pullman, Washington, Bulletin #233. 1956. 
"Deterioration of Flat Roof Coverings" Report to CIB Congress, 
Rotterdam, Netherlands. 1959. 
6. Isaksen, T. 
"Moisture Migration and Removal of Moisture by Ventilation from 
Porous Materials Used in Flat Roofs", Norwegian Building Research 
Institute Report to CIB Congress, Rotterdam, Netherlands. 1959. 
7. Lund, C. E. and Granum, R. M. 
Principles Affecting Insulated Built-Up Roofs, University of 
Minnesota, Engineering Experim.ent Station , Bulletin #34, May, 1952 . 
8. :Martin, K. G. 
The Addition of Inorganic Fillers to Bituminous Coatings for Roofing, 
Parts I and II, Commonwealth of Australia, C. S. I. R. 0. Division of 
Building Research, Melbourne, Australia. Report No. 02.9-3 & 02.5-6, 
1958. 
9. McCawley, J. 
Roofing, Third Edition. 1959. Shelter Publications, Chicago, illinois. 
10. Rawley, F. B. and Lund, C. E. 
Vapor Transmission Analysis of Structural Insulating Boards, Uni-
versity of Minnesota, Engineering Experiment Station, Bulletin #22. 
1944. 
11. Rogers, T. S. 
"Better Built-Up Roofs", Architectural Forum, August, 1953. 
- 25-
12. Rogers, T. S. 
Design of Insulated Buildings, F. W. Dodge Corporation, 1951. 
13. Topping, C. H. , Myhre, A. M. and Warden , W. B. 
A Study to Improve Bituminous Built-Up Roofs 7 Building Research 
Institute, Monograph No. 1. 1960. 
14. Whippo, H. M. and Arnberg, B. T. 
15. 
16. 
Survey and Analysis of the Vapor Transmission Properties of 
Building Materials, University of Colorado , Engineering Experi-
ment Station. 1955. 
Condensation in Wood Frame Walls ? HHF A Technical Paper No. 
12. 1949. 
Roof Decks and Built-Up Roofing, Federal Construction Council, 
Report No. 16, August, 1955. 
- 26-
